The quantification of biomass carbon pools is important for understanding carbon cycling in forest ecosystems. This study was designed to reveal the effects of stand age on biomass partitioning and carbon storage of Chinese fir plantation stands in Dabie Mountains of Anhui, East China. A total of six even-aged Chinese fir plantation stands along an age-sequence from 10 to 50 years were selected. To quantify the biomass of different tree components, 18 trees with diameter at breast height (D 1.3 ) from 6.5 to 35.2 cm were harvested from the different aged stands. Biomasses of understory vegetation, forest floor and standing dead trees were also investigated. Total biomass carbon storages ranged from 57.6 to 211.4 Mg ha -1 in the different aged stands. Tree layer comprised from 93.7% to 96.4% of the total biomass C pools in the different aged stands. The C pools of the necromass were from 1.8 to 6.2 Mg ha -1
Introduction
Forest ecosystems play an important role in the global carbon (C) cycle, due to over 80% of the terrestrial aboveground C stored in forest biomass (Dixon et al., 1994; Houghton et al., 2009 ). The allocation pattern of plant biomass is a critical problem in ecology (Shipley & Meziane, 2002; Weiner, 2004) and has important, practical implications from the points of view of global change and timber production. Changes in site conditions can have profound impacts on forest biomass allocation (Maherali & DeLucia, 2001; Fan et al., 2009) . Plants shift biomass allocation between their organs to respond to environmental change, which is an important mechanism to maintain productivity (Sebastià, 2007) . At the community level, biomass allocation strategies are linked to the adaptive response of the forest community to site conditions (Niklas, 2005) . Therefore, an accurate estimation of forest biomass is very useful for comparing structural and functional attributes of forest ecosystems across a wide range of environmental conditions (e.g. Gargaglione et al., 2010; Fernández-Martínez et al., 2014; Poorter et al., 2015) .
The impact of land-use change on the C biogeochemical cycling has been the subject of great attention in the past two decades (e.g. Vitousek et al., 1997; Houghton, 1999; Houghton et al., 2009) . Quantification of the changes in pool size and fluxes of C and nutrients is fundamental to the understanding of the effects of land-use change and forest management on ecosystem functioning. In addition, pool size and fluxes of C and nutrients in forests vary considerably because of climatic, edaphic and topographic differences, and vary with the land use history and anthropogenic and natural disturbances as well. Although there is a large dataset about the forest biomass relating only to aboveground biomass, the information is still largely missing about root biomass (Noguchi et al., 2007) . Roots are an important component of ecosystem dynamics and function in forests (Matamala et al., 2003; Noguchi et al., 2007; Jagodziński & Kałucka, 2011) . Therefore, inventories of pools and fluxes should be as complete as possible, but often only parts of ecosystems are investigated.
Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) is one of the most important native tree species in subtropical China and plays an important role in the global C cycle because its plantation area is over 12 million ha, accounting for 24% of the total plantations in China (Lei, 2005) and about 4.5% of all plantation forests in the world (FAO, 2010) . Chinese fir is also the most commonly used commercial species for industrial timber production in China. Its wood is used for home construction, furniture, ship-building, and so on. The great silvicultural and ecological variability exists among Chinese fir stands because of its wide-spread distribution and over thousand-year cultivation (Feng et al., 1984) . As a result, the biomass production of Chinese fir plantation varied greatly on various growing regions and in different elevations (Pan et al., 1983; Feng et al., 1984) , and at different growth stages (Chen, 1998) .
In this study, an investigation was conducted on biomass C storage at both above-and below-ground in a chronosequence of Chinese fir plantations in the northernmost distribution region. We hypothesized that the biomass accumulation and C storage at both above-and below-ground components increased with stand ages and had a greater allocation to the belowground in comparison to the aboveground. The objectives of this study were (1) to quantify C accumulation in tree biomass of Chinese fir chronosequence stands, (2) to examine the dependence upon age of the above-and below-ground C pool in this plantation forest, and (3) to provide new data about the growth and productivity of Chinese fir stands in the northern edge of its natural distribution.
Materials and methods

Study site
This study was conducted at the National Mazongling Forestry Farm in western Anhui, East China (31°16'N, 115°45'E). The climate of the region is humid continental with warm, humid summers and cool, dry winters. The annual precipitation averages 1480 mm, distributed mostly from April to August. Annual mean temperature is approximately 14.6°C.
The study area is a mountainous landscape (elevation 450-1790 m a.s.l.) with steep convex slopes. The predominant lithology is composed of granite. Upland soils are relatively shallow (70-100 cm depth) mountainous yellow soils. They are loam in texture with pH (H 2 O) of 4.3-5.5.
The vegetation in the study area is dominated by secondary deciduous broad-leaved forest on lower slope (below 600 m elevation), deciduous broadleaved and coniferous mixed forest on mid-slope (600-1200 m), and coniferous forest on the upper slope (above 1200 m). There are large plantation forests particularly Chinese fir and Huangshan mountain pine (Pinus taiwanensis Hayata) plantations on mid-slope at elevation between 500 m and 1200 m in this forestry farm. The plantation forests are composed of over 40% of the total forest area. In July 2013 and 2014, the representative Chinese fir chronosequence plantations (10, 22, 36, 45, 48, and 50 years old) at elevation between 800 m and 1150 m were selected for the study. The area of plantations for each age ranged from 1.3 to 8.2 ha, and no fer-tilization was applied. All the stands were the first rotation. Three plots (20 m × 20 m in size) were randomly established within each stand (Table 1 ). All the sampling plots were less than 1.0 km apart. Tree height (H) and diameter at breast height (D 1.3 ) were measured for all trees within these plots.
Biomass estimation
In order to quantify the biomass of different tree components (foliage, branch, stem-bark, stem-wood and root), we harvested 18 trees of Chinese fir with D 1.3 values ranging from 6.5 to 35.2 cm from the different aged stands. Three trees were sampled for each stand including mean D 1.3 , the minimum and maximum D 1.3 class. If there was ony one tree in this D 1.3 class, the sampling tree was selected from the adjacent next D 1.3 class. The stem of each sampling tree was cut in 2-m sections and weighed freshly. A disk was cut from the stump, and the top and middle of each stem section for determination of moisture content, bark/wood ratio, and specific gravity. The dry weights of the bark and wood for each section were calculated from the bark/wood ratios, the field fresh weights, and the moisture contents.
All branches were cut from the sample tree. All foliage and current twigs were clipped from the branches and weighed in the field, and subsamples were taken for moisture determination. The root biomass of individual trees was determined through excavation where a cylinder extending from the ground projection of the crown downward the depth where no coarse root appeared was used as a means to ascertain the data. Although it is understood that a certain percentage of roots may grow beyond the diameter of the projected crown, roots that overlap with other tree roots could offset remote roots outside the projected area. Soil was carefully excavated and passed through a wire sieve (about 20-mm mesh) where roots were then collected. Stumps and attached taproots were pulled out. Any soil residue that remained on the roots was removed by washing and brushing. In this way, partial small and fine roots with diameter less than 5 mm was not included the root biomass.
On the basis of these data, the independent variables included
2 , and D 1.3 2 H, whereas the dependent variable was dry mass of each component (stems, branches, leaves, and coarse roots). In this study, transformed and untransformed data were evaluated for model development to reduce the residual heteroscedasticity (Parresol, 1999) . Several allometric relationships between independent and dependent variables were tested. Model comparison and selection were based on coefficients of determination (R 2 ) and squared residuals (Sokal & Rohlf, 1981; Parresol, 1999) . The models using only D 1.3 as a single independent variable were found to be the best-fit for estimations of component biomass and total biomass with the exception for foliar biomass. All of the optimal regression models were statistically highly significant (p < 0.01) ( Table 2 ). Stem diameter explained a large percent of the variation in the dry mass. The detailed description of biomass model development was given by Xie (2015) .
Three mechanic random 2 m × 2 m subplots sampled above-and below-ground biomass for the understory (shrubs with D 1.3 < 3.0 cm and herbs) in each plot. All plants with a D 1.3 less than 3.0 cm rooted in the subplot were clipped and their roots were excavated. All materials weighed fresh. The subsamples were taken for moisture determination.
Necromass or dead plant material found at ground level was divided into fine necromass (litter and woody material < 2 cm in diameter) and large necromass (dead woody material ≥ 2 cm in diameter). Large necromass was evaluated from one 5 m × 5 m subplots in the center of each sampling plot, while fine necromass was estimated from four 0.5 m × 0.5 m quadrats (grouping these into one sample for analysis) in the four corners of each subplot. The subsamples were taken for moisture determination.
Plant tissue samples (stem wood, stem bark, live branch, twig, foliage, root and necromass) collected were oven-dried at 70°C to the constant weight, and then ground with a laboratory mill. The ground samples were preserved for chemical analysis.
Carbon concentration and pool
For each sampling tree, three samples representative of each component (stem wood, stem bark, branch, foliage, and root) were selected for analysis of C concentration. The samples of stem wood and bark were selected from a disk cut from the base, middle and top of the stem section. The root samples were selected from large root (d > 5 cm), middle root (2 cm ≤ d ≤ 5 cm) and small root (d < 2 cm). The samples of branch and foliage were selected from the low, middle and up crown. The all plant samples with three replicates were analysed for concentrations of total organic C using the induction furnace method with a EA 3000 CHN/O Analyzer (Vector, Italy). The C pool in the biomass of each stand were calculated by multiplying the mean C concentration in each component by its respective dry mass.
Statistical analysis
Stand age was the treatment used in the analyses of variance (ANOVAs): (1) one simple ANOVA using age as factor and fine necromass, and the percentage of the biomass components as variables, respectively, (2) one simple ANOVA using age as factor and the C concentration of Chinese fir components as variable. Differences among the means of the fine necromass, biomass percentage and C concentration were determined with a Tukey's HSD test at a significance level of p < 0.05. Before the ANOVAs, the data were checked for normality and homogeneity of variances and were ln-transformed to correct for deviations from these assumptions when needed. All statistical analyses were performed using STATISTICA 7.0 (StatSoft Inc.) for Windows.
Results
Stand characteristics
The stand characteristic parameters for the sampling stands of Chinese fir are given in Table 1 . The canopy heights ranged from 8.1 m of 10-year-old young stand to 16.9 m of 50-year-old matured stand. Stand tree density declined with stand age, while tree height and mean D 1.3 increased with stand age (Table  1 ). The undergrowth including shrubs and herbs was not well-developed in all of the sampling stands particularly for the young and mid-aged stands.
Stand biomass
Using the equations from Table 2 , the above-and below-ground biomass were estimated (Table 3 ). The total biomass (overstory + understory) was from 114.15 Mg ha -1 for the 10-year-old stand to 396.42 Mg ha -1 for the 48-year-old stand. The overstory biomass was significantly correlated with stand age (Fig.  1) . The proportion of understory biomass to total biomass ranged from 0.51% for the 10-year-old stand to Values in the parentheses are percentages of the sub-total biomass. Percentages with the same letter within a column are not significantly different at the p < 0.05 levels.
1.34% for the 50-year-old stand, and increased with stand age. Biomass of overstory vegetation was distributed for the young and mid-aged stands (10 and 22 years old) as follows: stem > branch > root > foliage, while for the mature stands (≥ 36-year-old) as stem > root > branch > foliage. Proportion of roots (overstory + understory) to total biomass was ranged from 15.8% (10-year-old) to 23.6% (50-year-old), which indicated the importance of roots in biomass estimation for the forest stand. Proportion of foliage to total biomass was much greater in the young than in mature stand (Table 3 ). The root/shoot ratios were from 0.19 to 0.31, and appeared significant and positive correlation to stand age (Fig. 1) . 
Mass of forest floor and standing dead trees
Litter on the forest floor mainly consisted of newly fallen twigs with leaves and fragmented litter. Forest floor dry mass ranged from 3.72 to 12.35 Mg ha -1 for the sampling stands (Table 4) . It was constant as stand became mature (over 45-year-old).
The standing dead trees were only appeared in both 36-and 48-year-old stands. Large necromass appeared only in 48-and 50-year-old stands. Their necromasses were very low with 0.17-0.33 Mg ha -1
for the large necromass and 0.15-0.23 Mg ha -1 for the standing dead trees (Table 4) .
Biomass carbon pool
The C concentrations did not vary greatly among the overstory biomass components and necromass of the different aged stands (Table 5 ). The C concentrations of components ranged from 466.4 to 526.2 g kg -1 for the overstory trees and necromass, which were higher than the understory vegetation ranging from 406.4 to 492.8 g kg -1
. Total biomass C pools ranged from 57.6 to 211.4 Mg ha -1 in the different aged stands (Fig. 2) . Tree layer comprised from 93.7% to 96.4% of the total biomass C pools in the different aged stands. The C pools of the necromass were from 1.8 to 6.2 Mg ha 
Discussion
Biomass accumulation in relation to stand age
In this chronosequence study, our results suggest a significant effect of stand age on standing tree biomass and its partitioning. We found an increase in proportion of root biomass along with a decrease in foliage and branch biomass while the proportion of stem biomass to total biomass remained constant (Table 3) . Our findings are in agreement with previous studies conducted by Zhong et al. (2008) in Chinese fir (Cunninghamia lanceolata) plantations and by Cao et al. (2012) in Chinese pine (Pinus tabulaeformis) forests and Li et al. (2011) in Korean pine (Pinus koraiensis) plantations. However, some other studies showed the different results. Yu et al. (2013) observed an increase in the stem biomass partitioning along with a decrease in branches and foliage Different letters (a-d within a column; A-C within a line) indicate significant difference for the different types (overstory, understory, and necromass) at the p < 0.05 probability level. Fig. 3 . Effect of stand age on biomass allocation (percentages of stem, branches, foliage, and root to the total standing biomass, respectively) biomass partitioning for Chinese fir plantations in southwestern China. Jagodziński et al. (2014) also showed an increase in woody biomass partitioning along with a decrease in foliage biomass partitioning for Scots pine (Pinus sylvestris) stands. Those results suggest that tree biomass partitioning is not only controlled by stand age but other factors, such as stand density (Zhang et al., 2012) and site condition (Unger et al., 2012) , also have an important effect on tree biomass partitioning. Due to our sampling stands located in the northernmost limit of Chinese fir distribution and in relatively high elevation, low air temperature and loose loam-textured soil could be the major factors controlling biomass partitioning, particularly for a high proportion of root biomass in this study. Up to day, there is still a lack of allometric data for belowground root biomass despite of a large body of data for aboveground tree biomass of Chinese fir (Huang et al., 2016) . Therefore, it is imperative to improve the estimation of tree root biomass since belowground root biomass may account for a significant portion of total forest biomass and provide an additional important C pool (Cairns et al., 1997; Peichl & Arain, 2006) . The root/shoot ratios (R/S) calculated in this study were from 0.187 to 0.312 for the different aged stands (10-to 50-year-old). The R/S ratios in this forest were high compared to the values reported for the same tree plantations in Guangxi (0.135-0.145 for stands over 6-50-year-old) by Yu et al. (2013) and in Fujian (0.173-0.246 for stands over 40-87-yearold) by Zhong et al. (2008) . The R/S ratios of our sites were lower than the average global value of 0.34 for tropical deciduous forest (Jackson et al., 1996) . In this study, the small and fine-root (< 5 mm diameter) was not included in belowground biomass, which resulted in a relatively low R/S ratio in this plantation forest. The relatively high R/S ratio at our site could be attributive to several abiotic factors. The high elevation results in low temperature which is probable a cause of increased allocation to root (Lambers et al., 2008) . Water and nutrient availability may be another factor affecting biomass allocation (Poorter et al., 2012) . Our site characterised by steep slope and high precipitation with a dry season in autumn and early winter, which can cause nutrient leaching and water loss. Therefore, low availabilities of nutrients and water might be important factors for increasing biomass allocation to root.
In this study, total live biomass of Chinese fir plantations ranged from 114.2 (10-year-old) to 396.4 Mg ha -1 (48-year-old), of which the overstory biomass was from 113.6 to 392.5 Mg ha -1 . The values obtained in this study were within the ranges of overstory biomass (49.3-644.1 Mg ha -1 ) for nation-wide Chinese fir plantations of 5-to 63-year-old (Feng et al., 1999) . Cheng et al. (2013) (Feng et al., 1999) . In global reviews by Martínez-Yrízar (1995) and Murphy and Lugo (1986) , the aboveground biomass of tropical dry forests ranged from approximately 23 to 273 Mg ha -1 . These comparisons indicate that the Chinese fir plantations appear capable of maintaining relatively high rates of biomass accumulation.
Biomass C pool
The C concentrations were significantly different between tree components and between stand ages for the same component (p < 0.05). On average, the highest C concentration was showed in the wood of tree while the lowest in the root of understory vegetation. Zhong et al. (2008) showed the similar trend of C concentrations in mature and old-growth stands of Chinese fir. However, Li (2010) determined the C concentrations of the leaves, branch, stem, and root of the same tree species as 534.3, 511.1, 509.4, and 491.8 g kg , respectively. The C concentrations in biomass components may be affected by the stand age, plant species, and pedo-climatic conditions (Bert & Danjon, 2006) .
The total biomass (including necromass) C storages in Chinese fir chronosequence plantations ranged from 57.6 to 211.4 Mg ha -1
. The C storages in understory vegetation and coarse necromass showed a clear age-related pattern in this study. However, C storages in fine necromass (forest floor) leveled off 36 years after establishment, which was in agreement with the results reported by Shutou and Nakane (2004) and Chen et al. (2013) for Japanese cedar plantations. Because C pool in forest floor may stabilize at steady-state level in late stages of stand development, most C sequestration occurs in the live tree biomass C (Shutou & Nakane, 2004; Jandl et al., 2007) . The variations of C pools in understory vegetation were dependent on stand density, forest management and soil conditions, which can affect light and nutrient availability particularly for the development of understory vegetation (Peichl & Arain, 2006) . The C pools of the coarse necromass appeared a great heterogeneity among the stands. The variations were controlled by forest management activities and disturbances (Woodall et al., 2013) .
The annual mean values of the overstory biomass C increments for the Chinese fir plantations in Dabie Mountains ranged from 2.70 to 5.55 Mg C ha -1 yr -1
. Those values were within the range of 2.36−6.71 Mg C ha -1 yr -1 for this plantation forest nationwide (Feng et al., 1999) . This result suggests that the Chinese fir plantation in Dabie Mountains has a relatively high rate of biomass C accumulation.
In addition to the increase in tree biomass C storages, the average stand D 1.3 significantly increased with age (Table 1) . At our site, the annual mean C increment in stem wood and coarse root of the Chinese fir plantations in 36−50-year-old were 3.27 and 1.63 Mg ha -1 yr -1 , respectively. This indicates that a large portion of accumulated C can be allocated into long-lived stem wood and coarse root, which is probably involved in the increase of stand productivity and C sequestration potential at the mature stages (Tian et al., 2011) . At present, the rotation of Chinese fir plantation is usually 25−30 years. Therefore, appropriate prolongation of the rotation of Chinese fir plantation can be a good prac tice to benefit timber production and to provide a great C sink of this plantation forest.
Conclusion
Our results showed a significant effect of stand age on standing biomass and biomass partitioning, and confirmed our hypothesis that the Chinese fir plantations at the high elevation in Dabie Mountains had a relatively greater biomass allocation to the belowground. The consideration of stand-age effect can provide more accurate estimates of forest biomass and C sequestration potential. The Chinese fir is one of the most important tree species for commercial timber production with a relatively short rotation (usually 25−30 years) management in China. The findings from this study indicate that the present Chinese fir plantations have somewhat high rate of biomass accumulation beyond the normal rotation period even over an age of 50 years. Consequently, appropriate prolongation of the rotation period will be effective in maintaining long-term site productivity and providing large sink for atmospheric CO 2 .
